Abstract: Esterification of acetic acid with ethyl alcohol was carried out in the presence of a cation exchange resin. The resin used was Lewatit S1467, which is commercially available at a low cost and used commonly in the water treatment industry. The catalyst pretreated with HCl showed higher acetic acid conversions. The acidic cation exchange resin treated with HCl was examined for catalyst loading, reaction temperature and reusability. The highest acetic acid conversion of 58 % was observed for acetic acid to ethanol mole ratio of 1:1 at 335 K with a 5.4 % (w/w) catalyst loading. The experimental data were fitted with the pseudo homogeneous model, and the heterogeneous models Langmuir-Hinshelwood (LH) and EleyRideal (ER). LH model provided a better agreement with the experimental kinetic data, and the activation energy was found to be about 58 kJmol -1 .
INTRODUCTION
The conventional way to produce esters is the esterification of carboxylic acids with alcohols catalysed by homogeneous catalysts such as sulphuric acid. These homogeneous catalyst reactions suffer from several drawbacks, such as the difficulties of catalyst separation from the reaction mixture, formation of side reactions and the corrosion of reactors (Peters et al., 2006) . Therefore the attention of many research studies has turned to the replacement of homogeneous catalysts with solid acid catalysts. A variety of materials have been used as solid acid catalysts such as clays, zeolites and ion exchange resins in esterification reactions (Shanmugam et al., 2004) . Although there exist many solid acid catalysts, cation-exchange resins are the most commonly used and have been proven to be effective in esterification reactions (Kirbaslar et al., 2001a; Liu & Tan, 2001 ). Therefore esterification in the presence of ion exchange resins has been the recent subject of investigation by many researchers. Kirbaslar et al. (2001a) , have studied the esterification of acetic acid with ethyl alcohol catalysed by an acidic ionexchange resin, Amberlyst-15. They have investigated the effects of catalyst loading, reactant molar ratios, initial water concentration and temperature on the reaction rate. Similar studies have also been done by Toor et al. (2011) on the esterification of acetic acid with n-butanol and isobutanol over Amberlyst-15 catalyst, and by Akbay and Altiokka (2011) for the esterification reaction of acetic acid with n-amyl alcohol over Amberlyst-15, Amberlyst-36 and Amberlite IR-120 catalysts. For the above reaction of acetic acid with n-amyl alcohol, the effect of external and internal mass transfer resistances on the overall rate have also been studied. The esterification of acetic acid with methyl alcohol catalysed by Amberlyst-15 has been studied by Kirbaslar et al. (2001b) . Their results have correlated with the homogeneous kinetic model and the activation energy was found to be 22.95 kJmol -1 .
Experiments for the esterification of n-amyl alcohol with propionic acid catalysed by three different cation exchange resins, namely, Amberlyst-15, Dowex 50W and Amberlite IR-120 were carried out within the temperature range of 333 -348 K by Erdem and Cebe (2006) . Similar to the study of Kirbaslar et al. (2001b) , the kinetic data of this reaction have fitted well with the pseudo homogeneous kinetic model. Several studies have shown that the reaction kinetics of esterification fitted with Eley-Rideal (ER) kinetic model between adsorbed
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Journal of the National Science Foundation of Sri Lanka 44 (1) alcohol and unabsorbed carboxylic acid ( In this study, the esterification of acetic acid with ethyl alcohol catalysed by an inexpensive cation exchange resin available in the local market, namely Lewatit S1467, was investigated. This is a cation exchange resin of Na + form mainly used in the water treatment industry. The cost of this resin is much less compared to the commercially available strongacid cation exchange resin catalysts. In this study the influence of catalyst resin pre-treatment method, catalyst loading, reaction temperature and the reuse of catalyst on the conversion were analysed experimentally. The experimental kinetic data were correlated using models based on homogeneous and heterogeneous approaches.
METHODS AND METERIALS

Materials and catalyst
Acetic acid of 99.5 % (w/w) and ethanol of 99.5 % (w/w) purity were used as the reactants. The cation exchange resin, Lewatit S1467, which is available in the local market was used as the catalyst. The physical properties of this resin are shown in Table 1 . HCl of 35 % (w/w) was used for catalyst preparation. Before use, the ion exchange resin was soaked in 35 % (w/w) HCl for 30 min, rinsed several times with de-ionised water and dried in the oven at 363 K temperature to remove the moisture. The solvent used was 99 % (w/w) n-heptane. Sodium hydroxide was used for the analysis. All the aqueous solutions used in the analysis were of analytical grade and prepared with distilled water.
Procedure
Acetic acid was charged into the reactor fitted with a total reflux condenser. The contents were heated to the desired temperature and kept constant using a temperature controlled water bath. A known amount of the catalyst was added to the contents in the reactor and mixed well using a magnetic stirrer. After the desired temperature was reached, ethanol preheated to the same temperature was quickly poured into the reactor. This moment was taken as the starting time of the reaction. In the case of initial reaction rate determination experiments, n-heptane was used as the solvent to prepare the solutions of desired reactant molar ratios. The required amount of one reactant and n-heptane were placed in the reactor. A known weight of the catalyst was added and heated to the desired temperature while stirring. The second reactant, which was preheated to the same temperature was then added. The total initial reactant volume used for all the experiments was 100 mL. In all experimental runs, samples of 2 mL were withdrawn from the reactor at regular intervals and analysed to determine the unconverted acetic acid by titrating against 1N NaOH using phenolphthalein indicator.
RESULTS AND DISCUSSION
The cation exchange resin, Lewatit S1467 used in this study was in Na + form when it was commercially obtained from the local market. Initially the resin in its Na + form was used to catalyse the esterification reaction. Then the study was continued with the same resin after a pre-treatment to obtain the cation exchange resin of H + form. The effect of catalyst loading, reaction temperature and effect of reuse of the catalyst on acetic acid conversion with the pre-treated catalyst were investigated. Pseudo homogeneous and heterogeneous kinetic models, Langmuir-Hinshelwood (LH) and EleyRideal (ER) were applied to correlate the experimental kinetic data. Initial reaction rate variation was studied by changing one of the reactant concentrations, while keeping the others constant to analyse the consistency of heterogeneous model assumptions.
Ion exchange resin in Na + form
The effect of cation exchange resin Lewatit S1467 in the Na + form on the esterification reaction of acetic acid with ethyl alcohol was investigated. The resin was dried in the oven at 363 K for 4 hours. The experiment was carried out at the reaction temperature 335 K using 1.1 % (w/w) dried resin in the reactant molar ratio of ethyl alcohol to acetic acid 1:1. The reaction mixture was agitated by 
Effect of catalyst loading
Previous studies have reported that it was not practical to use more than 10 % (w/w) catalyst loading for heterogeneously catalysed reactions (Alqahtani et al., 2005) . In this study, catalyst loadings of 1.1 %, 5.4 % and 10.9 % (w/w) in 100 mL of reaction mixture were analysed and the results are illustrated in Figure 2 . An increase in the catalyst loading has led to an increase of reaction rate. This is due to an increase in active catalytic sites available for the reaction as the catalyst load increases. Several other researchers also have reported that the increase of catalyst loading has caused the increase of reaction rate in the esterification of carboxylic acid with alcohol over cation exchange resins ( a magnetic stirrer. The maximum catalyst performance after 5 hours showed a very low acetic acid conversion of about 3.5 %. This verifies the requirement of pretreatment of the resin used.
Effect of catalyst pre-treatment method
Use of strong acidic cation exchange resins of H + form as catalysts in the esterification reactions is commonly seen in literature (Kirbaslar et al., 2001a; Altiokka & Citak, 2003) . In this study, Lewatit S1467 resin, which is in Na + form was soaked in a 35 % (w/w) HCl solution for 30 minutes, washed with pure water and dried in the oven at 363 K to obtain the H + ionic form. The performance of resin samples of H + ionic form dried for 4 hours and 24 hours were studied. The results are shown in Figure 1 . The results for the catalyst loading of 5.4 % (w/w) do not show a change in the acetic acid conversion while increasing the resin drying time from 4 to 24 hours. In order to verify this result another experiment was conducted to find out the influence of drying time on acetic acid conversion using 10.9 % (w/w) of catalyst at 335 K temperature with 1:1 molar ratio of reactants. The results are shown in Figure 1 . It shows that catalyst drying time within the range of 4 -24 hours does not have a considerable effect on acetic acid conversion, and therefore a drying time of 4 hours was used in all experiments mentioned in the following sections. 
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Reuse of catalyst
Reuse of the catalyst is an important aspect in industrial reactions. It is useful to have an environmentally friendly process while being economical. For this study, once used resin from a reaction run with a loading of 5.4 % (w/w) catalyst was recovered by filtration. The recovered resin was washed with pure water, dried at 363 K and the weight was adjusted to have a total weight of 5.4 % (w/w) by adding makeup pre-treated resin. The esterification reaction experiment was carried out using this resin sample as previously with fresh reactants. The acetic acid conversion results are shown in Figure 3 for the reaction with fresh catalyst (run 1) and for the same with reused catalyst (run 2). As seen in Figure 3 after the reuse of catalyst the conversion has slightly decreased from 58 % to 56 % after 5 hours indicating a good ability to reuse the catalyst. A similar decrease in the conversion has been observed by other researchers. According to Shanmugam et al. (2004) , the conversion of methacrylic acid has shown a decrease from 83 % to 73 % after three reuse cycles in the esterification of triethylene glycol with methacrylic acid catalysed by a heteropoly solid acid catalyst.
Effect of reaction temperature
Temperature is one of the parameters, which influences the rate of reaction. In this study, the effect of temperature on the esterification reaction was studied over a temperature range from 325 to 355 K using Lewatit S1467 as the catalyst pre-treated with HCl as described previously and dried for 4 hours. The results ( The equilibrium conversion in this range was nearly equal. The above results show that a 58 % acetic acid conversion can be achieved in the esterification of equi molar ratio of reactants at 335 K reaction temperature over 5.4 % (w/w) of Lewatit S1467 catalyst soaked in 35 % (w/w) HCl for 30 minutes and dried at 363 K for 4 hours. The information on reaction rate and acetic acid conversion at different temperatures is useful for the calculation of activation energy for this reaction, and also useful in deriving the function relating the rate constant with the temperature. 
Mass transfer resistance
Although kinetic experiments were done assuming that the influence of mass transfer resistances was negligible, it is important to identify the reaction rate controlling parameters. The overall reaction rate of a heterogeneous reaction not only depends upon the kinetics of the reaction, but also on the internal and external diffusion rates and adsorption and desorption rates of the reactants and products. Each of these activities of reactants or product species becomes an element of the series of steps involved in the total heterogeneous reaction. The slowest step of this series becomes the rate limiting step (Fogler, 2006) . Therefore it is essential to evaluate the mass transfer resistances prior to the study of the reaction kinetics.
The work of Chakrabarti and Sharma (1993) has established that external diffusion does not control the overall reaction rate unless the agitation speed is very low or the viscosity of reactant mixture is very high. The studies done by Alqahtani et al. (2005) , and Delgado et al. (2007) , have also reported that when the agitation speed is changed from a speed above a certain level to higher speeds, the rate of reaction doesn't change significantly for a similar kind of reaction setup as used in this study with ion exchange resin catalyst. Based on these observations, the agitation in this research was maintained at a constant level in each run assuming that the external mass transfer resistance under this condition was negligible.
The study done by Zhang et al. (2004) , has used a theoretical procedure to prove that the internal mass transfer effects are negligible. Their analysis is based on the Thieles' modulus, which is also of interest in this study. Thieles' modulus for a spherical particle involved in a first order reaction can be given by equation (1) (Smith, 1970) .
Thieles' modulus is denoted by φ s and, r s and k 1 represent the mean radius of spherical particles and the forward rate constant, respectively. Effective diffusion coefficient is given by D e and, ρ p is the density of solid catalyst particle. Further, the ratio between the actual reaction rate for the whole pellet to the rate evaluated at outer surface conditions is identified as the effectiveness factor, which tends to reach unity as the mass transfer resistances are reduced. Using the relationship curves of Thieles' modulus and the effectiveness factor (Smith, 1970) , it can be observed that the effectiveness factor is closer to unity when φ s ≤ 1/3 making inequality (2) to be a condition to neglect the internal mass transfer resistances.
The elimination of k 1 from equation (2) using the simple first order kinetic equation yields equation (3) as the condition to check the significance of internal resistances. However since the relationship curves of the effectiveness factor with the Thieles' modulus for different reaction orders overlap for φ s ≤ 1/3, inequality (3) is applicable for higher orders as well (Smith, 1970) .
In inequality (3), C s represents the concentration of the reference species in the reaction medium. The effective diffusion coefficient was defined as equation (4) (Fogler,  2006) .
Where D A is the molecular diffusion coefficient, τ and ε are tortuosity and porosity of the catalyst particle, respectively. The typical values for τ/ε are between 0.25 and 0.5 for most of the resin catalysts (Zhang et al., 2004) . The value 0.5 was taken as the ratio τ/ε for the calculations in this study. Furthermore, D A was obtained using the Wilke-Chang equation [equation (5)] (Reid et al., 1987) .
Association factor, temperature and molar mass of the solvent are represented by Ø', T and M, respectively in equation (5) . V A is the molar volume at boiling point and μ is the viscosity of the solution. For solvent mixtures, the relationship Ø'M = ∑ x i Ø' i M i can be used to calculate the associated molar mass. In order to consider the most critical situation in inequality (3), the minimum effective diffusion coefficient value has to be considered. According to equations (4) and (5) . Left hand side of the inequality (3) can be calculated using the initial reactant concentrations and measured reaction rate. The calculated value was 0.46, which is less than unity, obeying the inequality. This indicates that internal mass transfer resistances can be neglected at the temperatures and combinations of the species met at the experimental runs in this study.
Kinetic modelling
The kinetics of the esterification reaction catalysed by acidic cation exchange resin has been discussed under both homogeneous and heterogeneous approaches. The simple pseudo homogeneous second order model is applicable to many ion exchange resin catalysed reactions. Here, complete swelling of the resin catalyst is assumed and therefore easy access of the reactants to the active sites. However this model does not take into account the sorption of reactants onto the catalyst surface. More complex heterogeneous models such as Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) consider sorption effects of reactants in their mechanisms. In the LH model, before the chemical reaction takes place, it is assumed that all the reactants are adsorbed on the catalyst surface whereas in the ER model the reaction is assumed to take place between an adsorbed and a non-adsorbed reactant. Therefore, the pseudo homogeneous model and the heterogeneous models LH and ER were applied for correlating the kinetic data at different temperatures.
Homogeneous kinetic study
The pseudo homogeneous second order model applied in the ion exchange resin catalysed reactions assumes that the reaction media is highly polar and that there is complete swelling of the resin matrix (Helfferich, 1962) . The integrated form of the pseudo homogeneous kinetic model is given by equation (6) (Altiokka & Citak, 2003) . It was assumed that the concentrations of species are in agreement with the stoichiometry of the reaction. The activation energy can be calculated using the Arrhenius equation, which is written in the logarithmic form as given in equation (7):
Forward rate constant, L mol -1 min -1
K
Frequency of collisions E a
Activation energy, kJ mol
The experimental data observed in Figure 4 were used to plot the left hand side of equation (6) versus time as shown in Figure 5 . The forward rate constant at specified temperatures can be calculated using the slope of the straight line passing through the origin. These forward rate constant data were then plotted on a (ln k1) against (1/T) graph as shown in Figure 6 . The straight line fitting these data as indicated in equation (7) gives a coefficient of determination (R 2 ) of 81.26 %. 
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Heterogeneous kinetic study
The heterogeneous models Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) were investigated to represent the reaction kinetics. A detailed description of the modelling of heterogeneous acid catalysed reactions is available in Carberry (1976) . Both these models have been derived from the basic kinetic expression given by equation (8) under homogeneous conditions (Schwarzer, 2006) ,
In equation (8), r and k denote the reaction rate and the forward rate constant with respective to acetic acid, respectively. Notation C represents the concentrations with subscripts Ac, E, EA and W representing acetic, ethanol, ethyl acetate and water, respectively. LangmuirHinshelwood model applied for the esterification reaction accounts for the adsorption of both reactants, acetic and ethanol followed by the desorption of products, ethyl acetate and water. Therefore equation (8) can be written using fractional coverage terms as in equation (9), where fractional coverage (θ) is identified as the fraction of the sites occupied by a particular species from the total number of sites on the catalyst surface (Schwarzer, 2006) .
The use of Langmuir isotherms for each species to eliminate the fractional coverage terms in equation (9) yields the Langmuir-Hinshelwood model equation as shown in equation (10) (Schwarzer, 2006) .
where,
In equation (10) The same was assumed in this study and therefore the adsorption of acetic acid and ethyl acetate are neglected from equation (10) . This modifies the LH model equation as in equation (11), facilitating less complexity in parameter estimation.
The adsorption of only one reactant is considered in the ER model, while the other reactant is within the reaction medium during the reaction. Therefore in this case, equation (8) can be written as equation (12) .
Fractional coverage terms approximated using the relevant Langmuir adsorption isotherms yields equation (13) as the Eley-Rideal model equation with similar notations as in equation (10) (Schwarzer, 2006) . 
The results of experimental runs under the temperatures 325, 335, 345 and 355 K were correlated simultaneously by using the LH and ER kinetic models. In addition to equations (11) and (13) the reaction rate can also be expressed using the rate of decomposition as,
... (14) Notations, C Ac,0 and W represent the initial acetic acid concentration and catalyst loading respectively, while r being the reaction rate with respect to acetic acid. Here X and t are the fractional decomposition and time (Fogler, 2006) . Equation (14) together with equations (11) and (13) provides the relationships between decomposition and time.
The estimation of parameters k, k W and k E was done by minimising the sum of residual squares (SRS) of fractional decompositions at experimental kinetic data points (equation 15). Subscripts 'exp' and 'cal' means experimental and calculated values of fractional decompositions, respectively. Minimisation of the equation (15) was done using a user-built programme in Matlab software package. Integration of the relationship of decomposition (X) and time (t) was done numerically with the fourth order Runge-Kutta method. Furthermore, the mean relative deviation (MRD) shown in equation (16) was determined for the sets of parameters, which best fit each of the evaluated models in order to facilitate convenient comparison among these models. A lower MRD value indicates a better data fit to the model. In equation (16) , N is the number of kinetic data observation points and X is the fractional decomposition with subscripts 'calc' and 'exp' being its' calculated and experimental values. A summary of the results of parameters estimated is given in Table 2 . Considering the results of all four temperatures, it is observed that the LH model correlates experimental results better than the ER model. Further, out of the four temperatures studied, the kinetic data at 335 K are obeying the ER and LH models with the lowest MRD %. The plot of the modelled decomposition curve for LH model, and its experimental decomposition values at 335 K are illustrated in Figure 7 . Rate constants determined from the LH model were put in an Arrhenius plot and are shown in Figure 8 . Comparison of the coefficient of determination (R 2 ) of the Arrhenius plots of the pseudo homogeneous model ( Figure 6 ) and the LH model (Figure 8) shows that kinetic data fit the LH model better than the homogeneous model. The activation energy according to the LH mechanism was calculated to be 58.29 kJmol -1 . Hangx et al. (2001) , have observed an activation energy value of 48.3 kJ mol -1 in their study on ethyl acetate production catalysed by Purolite CT179. This shows that the acidic cation exchange resin, Lewatit S1467 has a higher activation energy compared to that of the strong cation exchange resin Purolite 179. This high value of the activation energy indicates that the reaction is kinetically controlled.
Heterogeneous experimental data and rate mechanism
The rate mechanism was analysed using experimental observations from the heterogeneous catalytic reaction. The experiments were carried out by changing the concentration of one of the reactants while keeping the other parameters constant. For each of these runs the initial reaction rate was determined. The results of initial rate of disappearance of acetic acid for various initial concentrations of acetic acid and water are illustrated in Figures 9 and 10 , respectively.
As seen in Figure 9 , the initial reaction rate increases linearly with the acid concentration. This shows that the reaction is first order with respect to acetic acid, and the same has been considered in the heterogeneous reaction mechanisms shown in ER and LH model equations. Here the adsorption of acetic acid onto the catalyst surface is not evident. In Figure 10 , the initial reaction rate shows a decrease when the water concentration is increased. It can be predicted that there is an inhibiting effect on the reaction rate caused by the adsorption of water on the catalyst surface. Literature reveals that the inhibiting effect of ester on the reaction rate can be neglected (Altiokka & Citak, 2003) . The experimental results showing a strong adsorption of water and a negligible acid adsorption are in agreement with the assumptions that have been made in the reaction rate mechanism. A similar behaviour has been observed by Altiokka and Citak (2003) , for the esterification of acetic acid with isobutanol over Amberlite IR-120 resin.
CONCLUSION
The esterification of acetic acid with ethyl alcohol over a cation exchange resin, Lewatit S1467 with H + ionic form was presented in this paper. The reaction rate was found to increase with the catalyst loading and temperature. The experimental kinetic data were correlated with both pseudo homogeneous and heterogeneous models, and the heterogeneous kinetic model correlated the kinetic data better than the pseudo homogeneous model. Heterogeneous models, ER and LH models both showed good agreement with the experimental kinetic data, although the LH model showed slightly better results. The activation energy was found to be about 58 kJmol −1 . The cation exchange resin, Lewatit S1467 in H + form showed a good catalytic performance in the esterification reaction of acetic acid with ethanol. 
